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Effective Realization of 
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Reactor Transient Analysis 
Nadeem Shaukat 
Nuclear Engineering Ph.D. 
Energy Systems Engineering 
Seoul National University 
The asymptotic time behavior of neutron transport can be assessed by 
studying the several issues regarding the reactor start-up analysis, reactivity 
measurements or the kinetic study of accelerator-driven systems. This 
amounts to solve the time-dependent Boltzmann neutron transport equation. 
The time-dependent Monte Carlo (TDMC) algorithm with conventional 
combing method is implemented in the McCARD.  
The α-eigenvalue is estimated from the TDMC calculations for 
subcritical systems. The effectiveness of the results is examined for the rod 
model and two-group infinite homogeneous problems with varying the k-value 




module is also evaluated for an experimental benchmark of the thorium-loaded 
accelerator-driven system at Kyoto University Critical Assembly (KUCA) by 
comparisons of α’s calculated by the DMC simulations with those from the 
measurements, the MC α iteration algorithm and the MC PNS simulations. 
With ever-advancing computer technology, the Monte Carlo (MC) 
neutron transport calculation is expanding its application area to the nuclear 
reactor transient analysis. The TDMC neutron tracking for the transient 
analysis requires efficient algorithms for delayed neutron generation, neutron 
population control, and modeling of initial conditions. In this study, a new MC 
steady-state simulation method based on the time-dependent MC (TDMC) 
neutron tracking is proposed for the steady-state initial condition modeling 
from which prompt neutron sources and delayed neutron precursors for the 
MC transient simulation can be easily sampled. For the transient analysis, the 
proposed TDMC steady-state simulation method has been implemented in 
McCARD and applied for two-dimensional core kinetics problems in the 
time-dependent neutron transport benchmark, C5G7-TD without temperature 
feedback. The McCARD TDMC calculation results show good agreements 
with results of a deterministic transport analysis code, nTRACER. The reactor 
core transient analysis also requires neutronics calculations with the thermal-




scheme for the core transient analysis has been implemented by coupling with 
a computational fluid dynamics code, CUPID using the TCP/IP socket 
communication. In the McCARD/CUPID transient calculations, temperature-
dependent cross sections are produced by a built-in on-the-fly Doppler 
broadening (OTF DB) module. The effectiveness of McCARD/CUPID 
transient analysis results is examined for a hypothetical triangular unit cell 
problem in the IAEA coordinated research project (CRP) benchmark on the 
high temperature gas cooled reactor (HTGR) uncertainty analysis. 
The statistical uncertainty of one time step is estimated with the 
uncertainty propagating through the calculation from the preceding time step. 
With the help of formal uncertainty propagation approach, it is investigated 
that how the uncertainty occurs in the desired quantity of the system. 
Keywords:  
Time-Dependent Monte Carlo (TDMC) 
Alpha Eigenvalue Estimation 
Transient Analysis of Nuclear Reactor 
C5G7-TD Benchmark 
Uncertainty Propagation 
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CHAPTER. 1 Introduction 
1.1 Background  
The transient analysis of a nuclear reactor is one of the ultimate goals of 
Monte Carlo (MC) neutron transport calculations. Recently, the MC transient 
analyses have been conducted by two kinds of approaches – the Dynamic MC 
(DMC) method with simulating delayed neutron precursors [1,2] and the 
quasi-static method in which MC neutron transport calculations are used to 
estimate the angular neutron flux at a fixed time [3]. The quasi-static method 
is afforded to efficiently solve a transient problem but may suffer from the 
time-discretization approximation. The time-dependent MC (TDMC) methods 
can handle the time variable of the neutron density or flux in its continuous 
domain by updating event times during the MC tracking of neutrons. 
Since Kaplan [4] proposed an efficient matrix method utilizing the 
TDMC neutron tracking to estimate the time constant or -eigenvalue of a 
nuclear system in 1958, reactor analysis applications of the TDMC methods 
have been limited to MC simulations of research reactors including critical 
assemblies to obtain kinetic physics parameters such as -eigenvalue, kinetics 
parameters, noise data, etc. KENO-NR, a variant of KENO-V.a [5], and 




numerical simulations of noise experiments and the pulsed neutron source 
experiments. The TART code [10] is equipped with a TDMC algorithm in 
which the time domain is split into time bins and the neutron population in 
each time bin is controlled by the combing technique [11,12]. Cullen [12] 
compared the -eigenvalues estimated by the TART’s TDMC calculations 
with those by the -static algorithm [13] for Godiva-like problems. For the 
experimental benchmarks on thorium-loaded accelerator-driven system [14], 
the present authors [15] compared the -eigenvalues calculated by the TDMC 
method and the  iteration algorithm [16] using McCARD [17] with the 
experimental results. The Godiva super-prompt-critical burst experiment has 
been simulated by the Serpent-OpenFoam coupled system considering 
thermal feedback [18]. 
As noted by Sjenitzer and Hoogenboom [1], challenges of the MC 
reactor transient analysis include an effective generation of delayed neutrons, 
neutron population control, modeling of initial conditions, etc. Because the 
delayed neutron plays an important role in the transient behavior of reactor 
core characteristics in spite of its small generation fraction from a fission 
reaction, a special treatment for its time-dependent generation is required to 
reduce the statistical uncertainty expected to be high by a direct sampling of 




problem, Sjenitzer and Hoogenboom [1] developed a clever algorithm of MC 
tracking and forced decay of delayed neutron precursors. The second issue of 
the neutron population control have been approached by two ways in terms of 
a simulation of the branching process such as the fission reaction – an analog 
MC simulation in which extra neutrons from a fission are sampled and tracked 
accompanied with a time bin-wise population control technique such as the 
combing algorithm, and the branchless method [1] where the neutron weight 
is increased in accordance with the expected number of fission neutrons at 
each collision site. In this study, we apply the Sjenitzer and Hoogenboom’s 
delayed neutron handling algorithm and the analog MC branching process 
simulation method with the combing technique [12] for the DMC transient 
analysis. 
For the modeling of an initial condition of a transient scenario which is 
generally the steady-state condition, one may conduct the MC power iteration 
calculation [19] to obtain the fundamental-mode distribution of initial source 
neutrons and the fundamental-mode eigenvalue, k. In this work, we proposed 
a TDMC steady-state simulation method for the steady-state initial condition 
modeling as an alternative to the MC eigenvalue calculation.  
The reactor core transient analysis also requires neutronics calculations 




already coupled the Monte Carlo code to a sub-channel code, which is a fast 
thermal-haydraulics code but not a high-fidelity code [2]. In this study, a 
TDMC scheme for the core transient analysis is coupled with a computational 
fluid dynamics code, CUPID [20] using the TCP/IP socket communication. 
1.2 Objectives and Structure of the Thesis 
The prompt neutron decay constant (referred to as α) is a 
directly-measurable parameter in reactor physics experiments such as the 
pulsed neutron method, the reactor noise method, and the exponential method. 
Calculation of the α by Monte Carlo method is usually performed by neutron 
transport calculations with a fixed neutron source. From the simulations of the 
pulsed neutron source (PNS) method or the exponential experimental method 
[21, 22], the α can be estimated. The α can alternatively be calculated by the 
α-k iteration algorithm [22] and α iteration algorithm [16], which has already 
been implemented in the Seoul National University MC code, Monte Carlo 
Code for Advanced Reactor Design and Analysis (McCARD) code [17]. 
In Chapter 2, conventional time-dependent Monte Carlo (TDMC) 
algorithm is implemented. There is an exponential growth of neutron 
population in estimation of neutron density tally for super-critical systems and 
the number of neutrons being tracked exceed the memory of the computer. In 




conventional combing method for controlling population is included in TDMC 
[12]. A scale factor is introduced to tally the desired neutron density at the end 
of each time boundary. The main focus of this chapter is to estimate the α 
eigenvalue from the TDMC calculations for subcritical systems. The 
effectiveness of the results is examined for two-group infinite homogeneous 
problems with varying the k-value by comparisons with analytical solutions. 
The applicability of the TDMC module is also evaluated for an experimental 
benchmark of the thorium-loaded accelerator-driven system [14] at Kyoto 
University Critical Assembly (KUCA) by comparisons of α’s calculated by 
the TDMC simulations with those from the measurements, the MC α iteration 
algorithm and the MC PNS simulations. 
In Chapter 3, we apply the Sjenitzer and Hoogenboom’s delayed neutron 
handling algorithm and the analog MC branching process simulation method 
with the combing technique [12] for the TDMC transient analysis. For the 
modeling of an initial condition of a transient scenario which is generally the 
steady-state condition, one may conduct the MC power iteration calculation 
[19] to obtain the fundamental-mode distribution of initial source neutrons and 
the fundamental-mode eigenvalue, k. The TDMC algorithms including the 
proposed steady-state simulation method have been implemented in 




based on the well-known steady-state C5G7 benchmark problems, shortly the 
C5G7-TD benchmark [23]. The McCARD TDMC results for the C5G7-TD 
benchmark are compared with those from a deterministic transport analysis 
code, nTRACER [24]. A TDMC scheme for the core transient analysis 
including feedback has been implemented by coupling with a computational 
fluid dynamics code, CUPID [20] using the TCP/IP socket communication. In 
the McCARD/CUPID transient calculations, temperature-dependent cross 
sections are produced by a built-in on-the-fly Doppler broadening (OTF DB) 
module and applied to a triangular unit cell problem in the IAEA coordinated 
research project (CRP) benchmark on the high temperature gas cooled reactor 
(HTGR) uncertainty analysis [25]. 
In Chapter 4, we quantify the uncertainty propagation in neutron 
densities at the end of each time boundary for super-critical systems. This 
uncertainty is caused by the uncertainty resulting from the introduction of 
scale factor. The effectiveness of TDMC is examined for one-group infinite 
homogeneous problem (the rod model) and two-group infinite homogeneous 
problem. 
Finally, Chapter 5 gives conclusions of the proposed methodologies and 
an outlook to possible further developments and improvements in the 




CHAPTER. 2 Alpha Eigenvalue Estimation from 
Time-Dependent Monte Carlo Calculation for 
Off-Critical Systems 
2.1 Neutron History-Based Time-Dependent Monte Carlo 
Scheme 
In this study, the TDMC method is implemented, which is based on 
neutron history, thus it can also be called as neutron history based method 
(NHBM). In this method, all the neutron histories are tracked successively 
from the very beginning of time boundary to the end of each time boundary 
when all of its progenies are disappeared. In the TDMC simulations with the 
combing technique [12], each neutron is simulated time step-by-step with 













   (2.1) 
where 
,i j
pt  (  or 1p p p   ), 
,i j
pl , and 
,i j
pE  are the time after the 
thp flight, the 
length and the neutron energy of the pth track of history j at time step i. mn is 
the neutron mass. If the sampled time is greater than or equal to the upper time 








the last flight P of history j, denoted by 
,i j
Pl  and 
,i j
Pt , respectively, become; 




P it T   (2.3) 
where 
,i j
PE  means the neutron energy of the last flight of history j at time step 
i. After the ith time step TDMC simulations for all histories, the number of 
neutrons for the next time step simulations are controlled to be the 
user-provided number of histories by Russian roulette or splitting depending 
on the number of survived neutrons. Figure 2.1 shows an example of a 
simulated neutron history at time step i.  
 










2.2 Mathematical Formulation of Neutron Density Tally 
An integral form of the time-dependent Boltzmann transport equation 
for the collision density ψ(P), where P denotes the state vector of a neutron in 
the seven-dimensional phase space (three in space, two in direction, and one 
each in energy and time) ˆ( , , , )E tr Ω  can be written as;  
( ) ( ) ( ) ( )S d K     P P P P P P  (2.4a) 
where  
   ˆ( ) , , , ,t E E t  P r r Ω  (2.4b) 
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   ˆ ˆ( ) , , , , , ;S d S E t T E t  P P r Ω Ω r r  (2.4f) 
Eqs. (2.4b), (2.4c), (2.4d), (2.4e) and (2.4f) represent the collision density, 
transport kernel, collision kernel, transition kernel and the first collision 
density of source respectively. vr is the average number of neutrons produced 




direction ˆ Ω and energy E   will produce a neutron in direction interval ˆdΩ  
about Ω̂  with energy dE about E and S is source distribution [24].   
After reviewing Neumann series solution, the neutron density tally at the 
end of mth time step can be calculated as; 
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where 
1mf   is a scale factor introduced at the end of  (m-1)
th time step, ,i jw is 
weight of neutron after the jth collision of neutron i and ,i jq is response of 
neutron density tally for the jth collision of neutron i. 
2.2.1 Definition of Scale Factor 
In order to obtain the desired neutron density level, a scale factor is 
introduced. It is defined as the sequence based on the ratio of the number of 
neutrons survived at the time boundary to the number of neutron histories 
gives the next term as a function of previous term. Mathematically, the scale 
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where 
ms
n and N  are the number of survival neutrons and the number of 




2.2.2 Recursive Formulation of Scale Factor 
Consider the initial value of scale factor as; 
0 0
1sn N f    
































N N N N
n n n nn n
f f f f






    
     
    
     
      
     
         
           
         

 
A recursive formulation for the scale factor by using the preceding term to 













  (2.7) 
By substituting the value of scale factor from Eq. (2.7) into Eq. (2.5), the 
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r  (2.8) 
The objective of the introduction of scaling factor is to change the level 
of neutron density to the desired amount in super-critical reactors. There is no 
time information with the neutrons simulated in the Monte Carlo criticality 
calculations. However, it is needed to save the time information to describe 
the time-dependent behavior of neutrons, so that time mark is introduced in 
the TDMC algorithm. In Figure 2.2, t0 denotes the start time of the 
time-dependent simulation, tm represents the time boundary, i.e., time cut-off.
0 1 2 1, , ,.., mf f f f   are calculated at the end of each time bin. For neutron density 
tally 0f contributes to the time step interval 0 1~t t , 1f  contributes to the time 
bin 1 2~t t , and 1mf  contributes to the time bin 1 ~m mt t . 
N0 N1 N2 N3 N4 Nm-1 Nm
t0 t1 t2 t3 t4 tm-1 tm
f0 f1 f2 f3 f4 fm-1
 





2.3 Estimation of Prompt Neutron Decay Constant Alpha 
The neutron Boltzmann equation under certain assumptions that the 
neutron transport through time independent media, and initially, without 
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(2.9) 
where ( , , , )E t r Ω  is neutron flux, ( , , , )S E tr Ω  is flux independent source, 
 ,t E r ,  ,f E r and  ,s E r  are total cross section, fission cross section 
and scattering cross section respectively, pv is the average number of propmt 
neutrons emitted per fission and  E  is the neutron speed. 
In terms of neutron density rather than neutron flux, the Eq. (2.9) 
becomes; 
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To derive the time dependent fundamental mode solution for true analog 
criticality calculation, it is assumed that there is no source term, the media for 
neutron transport is considered to be infinite and integrate over space, energy 
and direction to obtain the equation; 
     .t s p f
dN
N N v N
dt
        (2.11) 
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 (2.12a) 
where K is the neutron multiplication factor and L is the neutron lifetime. 
The initial value problem to be solved for 1D, 1G problem becomes; 
0 0 0; ( ) ( ) 0
dN
N N t N t N at t
dt
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The prompt neutron decay constant αm at the end of each m
th time 
boundary is estimated by the mathematical expression given in Eq. 13; 
 1
1
ln ( ) / ( )
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m m m m
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2.4 Numerical Results 
To investigate the effectiveness of TDMC module implemented for the 
estimation of 𝛼 eigenvalue in the McCARD, it is applied to the rod model, the 
infinite homogeneous two group problems and the experimental benchmarks 
performed on the thorium-loaded accelerator-driven system (Th-ADS). 
2.4.1 The Rod Model 
Figure 2.3 represents a rod model, which is a simplest example of 
transport problem. It is considered a time-dependent neutron transport through 
time independent media, i.e., there is no change in material with time through 
which neutron is transporting. An infinite homogeneous and isotropic media 
in which neutrons move at constant speed   along the line (the rod) and 
undergo collision events at a rate v .  
Table 2.1 shows one group cross-sections for infinite homogeneous 
super critical system with 𝑘∞ = 1.875. Table 2.2 shows the comparisons of 
the results for the α eigenvalues using TDMC simulations for 10,000 neutron 
histories and 500 time steps with 50 inactive time steps with those from the 
analytical solution. The time step size for the TDMC simulations is set to 1.0 






Figure 2.3: Neutron transport through one dimensional infinite homogeneous media 
 
Table 2.1: One group cross-sections for infinite homogeneous super critical system 
ν Σf Σa Σs 1/υ [sec/cm] 
2.5 0.3 0.4 0.2 1.02245×10-9 
 

















2.4.2 Numerical Results for Infinite Homogeneous 
Two-Group Problems 
Two-group infinite homogeneous medium problems are used to 
investigate the effectiveness of TDMC module implemented in the McCARD. 
Table 2.3 represents the two-group cross sections varying the prompt 
subcriticality kp with the differential scattering cross section of the fast group 
Σs12.  
Table 2.4 shows the variation of differential scattering cross section 
along with the values of kp. Table 2.5 shows the comparisons of the results for 
the α eigenvalues using TDMC simulations for 10,000 neutron histories and 
500 time steps with 50 inactive time steps with those from the reference, the 
α iteration algorithm [3] and the α-k iteration method applying the pseudo 
absorption adjustment [10] with analytical solutions. The time bin size for the 
DMC simulations is set to 1.0 µs for each prompt criticality. It is observed that 
the results are within 95% confidence intervals. Figure 2.4 shows the 













Σtg 0.5 0.5 
Σfg 0.025 0.175 
νpg 2.0 2.0 
Σsgg 0.10 0.20 
Σsg′g (g≠g′) Variable 0.00 
χpg 1.0 0.0 
1/υg [sec/cm] 2.28626×10-10 1.29329×10-6 
 
Table 2.4: Prompt criticality kp with the varying differential scattering cross section 


















Table 2.5: Comparisons of α estimates for the two-group infinite homogeneous 
problem 
  








η = 2 (SD) 
α iteration 
(SD) 











































































 Alpha for k
p
=0.9
 Alpha for k
p
=0.7
 Alpha for k
p
=0.5
 Alpha for k
p
=0.3






2.4.3 Application to Th-ADS Experimental Benchmarks 
The TDMC algorithm is applied to calculate the 𝛼 eigenvalue for the 
experimental benchmarks performed on the thorium-loaded 
accelerator-driven system (Th-ADS). The solid-moderated and solid-reflected 
type A core of KUCA facility is used to perform Th-ADS experiments. Seven 
core configurations are combined with the accelerator, generating the 14 MeV 
pulsed neutrons by D-T (deuteron-tritium) reactions or a synchrotron type 
proton accelerator. The highly enriched uranium (HEU), thorium (Th), and 
natural uranium (NU) fuel was loaded together with the reflectors, including 
polyethylene (PE), graphite (Gr), and beryllium (Be) [7]. 
Figure 2.5(a) represents a core configuration for Th-PE, Th-Gr, Th-Be, 
Th-HEU-PE, and NU-PE cores with 3 He detectors and Figure 2.5(b) shows a 
core configuration for Th-HEU-5PE and Th-HEU-Gr-PE cores with 2 He 
detectors having accelerator generating 14 MeV pulsed neutrons. The 















The McCARD calculations along with the TDMC module are performed 
with continuous-energy cross section libraries produced from the 
ENDF/B-VII.0 for all the cores. The results for the α eigenvalues using TDMC 
simulations for 10,000 neutron histories and 250 time steps with 50 inactive 
time steps are shown in the Table 2.7. The time bin size for the TDMC 
simulations is set to 0.1 ms for each core. From the comparisons with the 
measurements, the MC PNS simulations and the MC 𝛼 iteration show that the 
𝛼 eigenvalue measured by the TDMC method are quite comparable and it is 
observed that the results are within 95% confidence intervals. Figure 2.6(a) 
and Figure 2.6(b) show the neutron flux distribution with time for Th-Gr and 




the convergence of the α from TDMC simulations for Th-Gr and Th-HEU-5PE 
cores respectively.  
(a)                                               (b) 
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Aluminium sheath  
Figure 2.5: Core configurations with 14 MeV pulsed neutrons for Th-ADS 
experimental benchmarks. (a). Th-PE, Th-Gr, Th-Be, Th-HEU-PE, and NU-PE 






(a) Th-Gr Core 
 
(b) Th-HEU-5PE Core 
Figure 2.6: TDMC neutron flux for the Th-ADS benchmark problems 
























































(a) Th-Gr Core 
 
(b) Th-HEU-5PE Core 
Figure 2.7: Convergence of alpha using TDMC simulations for the Th-ADS 
benchmark problems 
 












































































Table 2.7: Comparison of the 𝛼 eigenvalues for the Th-ADS experimental benchmarks 
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𝛼 using TDMC 
(SD) 
[Rel. Diff. (%)] 
Mean 𝛼 
Rel. Diff. [%] 
(w/PNS Sim.) 
[w/𝛼 iteration] 



































































































































































CHAPTER. 3 The Time-Dependent Monte Carlo 
Algorithm for the Transient Analysis of 
Nuclear Reactors 
3.1 Coupled System of Equations for Transient Analysis 
of Nuclear Reactor 
For the transient analysis of nuclear reactors, coupled system of 
equations must be solved. The coupled system of time-dependent 
neutron Boltzmann transport equation with the delayed neutron 
precursor concentrations can be written as;  
 
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In the above equations, 
 ϕ = neutron flux,  
 ,t E r  = total cross-section,  
 ,s E r  = differential scattering cross-section,  
 ,f E r = fission cross-section,  
χp(E) = spectrum of prompt fission neutrons, 
χi(E)= spectrum of the i
th group of delayed fission neutrons, 
 , E r = total delayed neutron fraction and    , ,iiE E  r r , 
 ,i E r = delayed neutron fraction of the i
th group of delayed neutrons, 
 ν = average neutron yield at fission, 
 ,iC tr = precursor concentration of delayed neutrons in i
th group, 
λi = decay constant of family i, 
Sd = delayed neutron source, 
S = external source. 
All quantities in Eqs. (3.1), (3.2) and (3.3) are dependent on either 
space, directions, energy, or time, but most are dependent on a 
combination of these variables. In fact, the neutron flux is 




The Monte Carlo method is an efficient method to solve such 
multidimensional equations. 
3.2 TDMC Steady-State Simulation 
Because we apply existing methods for the delayed neutron 
generation [1] and the neutron population control [12] in this TDMC 
transient study, a new MC steady-state calculation method based on the 
TDMC tracking is focused on in this section.  
The main difference between the TDMC simulation and the MC 
eigenvalue calculation [19] is that the former is applying the exact 
collision kernel, C, at each collision site while the latter the scattering 
collision kernel, Cs, which are defined by; 
( , )
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 (3.5) 
r is the average number of neutrons produced from a reaction type r and 
( , , )rf E E dEd  Ω Ω Ω  is the probability that a collision of type r by a 
neutron of direction Ω   and energy E   will produce a neutron in 




follow standard. By comparing Eqs. (3.4) and (3.5), the only difference 
is whether the fission reaction is sampled or not. The fission reaction can 
be sampled in the reaction-type sampling process of the TDMC method 
like the MC fixed-source-mode calculations while it is discarded in the 
MC power iteration method. Then the ignored fission reaction in the 
reaction-type sampling process is considered by sampling fission source 
neutrons for the next iteration (or generation) MC simulations with 
probability of 
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 where w, f, and k are the 
neutron weight, the average number of total fission neutrons per a fission 
at the collision site, and the fundamental-mode k eigenvalue, respectively. 
In this MC power iteration algorithm, the division by k in the fission 
neutron production probability plays the role of source normalization 
iteration-by-iteration (or generation-by-generation). And as well-known 
[22,23], this replacement of f by a fictitious one, fic. defined by f k , 
is the only alteration of the eigenvalue equation for the steady-state 
analysis from the physical system.  
By making the best of the concept of fic., fundamental-mode 




k can be obtained via TDMC simulations with slight modification. 
Suppose that a total number of time steps, a step interval, a number of 
neutron histories and an initial k value are provided in a user input for 
the TDMC steady-state calculations.  
In this TDMC simulation with the population control, the only 
modification to obtain the fundamental-mode distributions of fission 
sources and delayed neutron precursors is to generate fission neutrons as 
many as 1
m
f ik   , where 
m
f  and ki-1 are the average number of total 
fission neutrons of isotope m and the eigenvalue estimated at the time 
step (i-1), when a fission reaction of isotope m is selected during the MC 
simulations. From each time step TDMC simulations, k can be estimated 
by calculating a ratio between amounts of the fission neutron productions 
and the net losses of neutrons.  
Then after the modified TDMC simulations for the user-provided 
number of time steps which is supposed to enough to converge the fission 
source distribution, initial fission sources for the MC transient simulation 
are determined as survived neutrons at the end of this TDMC steady-





















, where d is 
the number of delayed neutrons per fission, at every collision site during 
the last time step TDMC simulations with applying the population 
control technique of the delayed neutron precursors [1]. 
Figure 3.1 shows an algorithm of the TDMC steady-state 
calculations at the ith time step. In the figure, iSNB   ( i =i or i-1) means a 







Figure 3.1: Flow chart of the TDMC steady-state calculation at time step i 
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3.3 Numerical Results for the Transient Analysis without 
Temperature Feedback for the OECD/NEA C5G7-
TD Benchmark  
3.3.1 C5G7-TD Application Results 
The C5G7-TD benchmark [20] specifies a series of space-time 
neutron kinetics problems without consideration of any feedback effects 
for the verification of transient analysis codes. The C5G7-TD benchmark 
problems are based on the well-studied steady-state C5G7 specification 
[24] and additionally defines physical constants related to delayed 
neutron characteristics. Its two-dimensional (2D) core configuration is 
the same as the C5G7 core consisting of sixteen fuel assemblies (FAs), 
eight UO2 FAs and eight mixed oxide (MOX) FAs, as shown in Figure 
3.2. Each 17x17 FA has 264 fuel pins, 24 guide tubes (GTs) for control 
rods (CRs) and one instrument tube (IT) for a fission chamber (FC) in 
the center grid-cell. Every pin cell with pitch of 1.26 cm is modeled by 
two regions – a cylinder with radius 0.54 cm for a mixture region of 
fuel-clad, moderator-filled GT, CR-GT, or FC-IT and a surrounding 




in FAs at the same position in the quarter symmetry. Bank numbers of 1, 
2, 3, and 4 are assigned for north-west, north-east, south-west, and 
south-east FAs, respectively, in Figure 3.2. 
The C5G7-TD benchmark provides four exercise sets from 0 to 3 
on the 2D configuration and two exercise sets of 4 and 5 on a 3D 
geometry. Transient events in the 2D problem sets can be modeled by 
time-dependent changes of the seven-group macroscopic cross sections 
in the CR-GT mixture regions. In this paper, McCARD DMC calculation 
results for the four 2D problem sets are presented and verified via 
comparisons with those calculated by a deterministic code, nTRACER 
[21]. The McCARD DMC calculations for the 2D benchmark problems 
are performed from 0 s to 3 s with time intervals of 0.05 ms using 

























































































3.3.2 TDMC Steady-State Calculation 
The TDMC steady-state simulation is newly proposed to generate 
initial prompt neutron sources and delayed neutron precursors for the 
MC transient simulation. In order to investigate the effect of the time step 
interval, the TDMC steady-state calculations during 200 time steps are 
performed with varying the interval as 0.0001, 0.001, 0.01, 0.05, 0.1, 1.0, 
and 2.5 ms considering that the prompt neutron generation time is 
estimated to be about 0.014 ms by the MC adjoint-weighted kinetics 
parameter estimation method [17]. Figure 3.3 shows convergence plots 
of the fundamental-mode eigenvalue or keff by the TDMC steady-state 
simulations with changing the step interval. From the figure, one can see 
that keff becomes converged after 50 time steps. Figure 3.4 shows the 
comparison of converged keff’s calculated by averaging the estimated keff 
values from 51st to 200th time step with a reference calculated from the 
standard MC eigenvalue calculations method [19]. The error bars in 
Figure 3.4 indicates the ±2 standard deviation (SD) intervals of the mean 
values where the SDs are calculated by the square root of the sample 
variance from the time step-wise keff values of the TDMC steady-state 




MC eigenvalue calculation. From the figure, one can see that the mean 
estimate of keff by the TDMC steady-state calculations agrees well with 
the MC eigenvalue calculation result. This can be assured by the 
comparisons of flux spectra in the TDMC steady-state calculations with 
that of the MC eigenvalue calculation shown in the Figure 3.5. From 
these results, it is concluded that the TDMC steady-state calculations can 
be conducted for any time step interval. In this study, the TDMC steady-
state calculations are performed by choosing step interval 0.05 ms with 




 Step Interval = 0.0001 ms
 Step Interval = 0.001 ms
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 Step Interval = 0.1 ms
 Step Interval = 1.0 ms
 Step Interval = 2.5 ms
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Figure 3.3: keff convergence plots of the TDMC steady-state calculations for 
2D C5G7-TD with varying the time step intervals as 0.0001, 0.001, 0.01, 
0.05, 0.1, 1.0 and 2.5 ms 
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Figure 3.4: Comparison of converged keff values calculated by the TDMC 
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 Step Interval = 0.001 ms
 Step Interval = 0.01 ms
 Step Interval = 0.05 ms
 Step Interval = 0.1 ms
 Step Interval = 1.0 ms
 Step Interval = 2.5 ms
 MC Eigenvalue Cal.
 nTRACER
 
Figure 3.5: Comparison of flux spectra with varying the time step interval in the 






3.3.3 2-D Transient Problems 
3.3.3.1 C5G7 Exercise 0 (TD0) 
In the problem set TD0, a postulated instantaneous CR insertion 
and withdrawal transient of designated CR banks is modeled by step 
changes of the cross sections of the GT mixture regions, 
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(3.9) 
where r and g are the reaction type and energy group indices, respectively. 
The superscripts GT and R represent the moderator-filled GT and the 
CR-GT composition, respectively.  
Among five problems in TD0, the McCARD TDMC calculations 
are performed for TD0-1 and TD0-5 where the postulated CR 
movements of bank 1 and all the banks, respectively, occur. Figure 3.6 
shows comparisons of the core dynamic reactivity calculated by 
McCARD and nTRACER for problems TD0-1 and TD0-5. From Figure 




insertion of CRs, constant reactivities until 1 s, sudden increases at 1 s 
by moving the CRs to half position of the inserted length, and 
restorations at 2 s by withdrawing the CRs to the initial positions. Figure 
3.6(b) magnifies the comparisons in a range between 0.1 s and 0.5 s with 
the ±2 SD intervals of the mean estimates over the tally interval of 2.5 
ms, where the SD is calculated by the sample SD from the history-wise 
estimates during each 2.5 ms. Figure 3.7 shows comparisons of fractional 
total core fission rates, defined by the fraction of the total core fission 
rate to its initial value at 0 s, calculated by McCARD and nTRACER for 
problems TD0-1 and TD0-5. From the figures, one can see that the 






(a) 0 s ≤ t ≤ 3 s 



































(b) 0.1 s ≤ t ≤ 0.5 s 































Figure 3.6: Comparisons of dynamic reactivities calculated by McCARD and 




(a) 0 s ≤ t ≤ 3 s 






























(b) 0.1 s ≤ t ≤ 0.5 s 





























Figure 3.7: Comparisons of fractional total fission rates calculated by 




3.3.3.2 C5G7 Exercises 1 and 2 (TD1 and TD2) 
Exercises 1 and 2 (TD1 and TD2, respectively) represents core 
transients due to CR insertion and extraction at a constant speed. In both 
problem sets, the cross sections of the GT region are defined by 
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(3.10) 
where   is the cross section change rate, whose value is 0.01 for TD1 
and 0.1 for TD2. Figures 3.8 and 3.9 show comparisons of dynamic 
reactivities and the fractional total fission rates, respectively, calculated 
by McCARD and nTRACER for TD1-1 and TD2-1 with considering the 
CR movements in bank 1. From Figure 3.8, one can observe that 
reactivity linearly decreases from 0 s to 1 s and increases after 1 s until 2 
s due to ramp changes of cross sections at the GT regions by Eq. (3.10). 
From the figures, one can see that the McCARD TDMC calculation 





(a) 0 s ≤ t ≤ 3 s 


































(b) 0.1 s ≤ t ≤ 0.5 s 



































Figure 3.8: Comparisons of dynamic reactivities calculated by McCARD and 




(a) 0 s ≤ t ≤ 3 s 




































(b) 0.1 s ≤ t ≤ 0.5 s 
































Figure 3.9: Comparisons of fractional total fission rates calculated by 




3.3.3.3 C5G7 Exercise 3 (TD3) 
The Exercise 3 (TD3) is designed for a transient event of the change 
in the core moderator density. Figure 3.10 illustrates four scenarios of the 
time-dependent fraction changes of the moderator density. According to 
the density change profile, the time-dependent cross sections of 
moderator, 3M , in each TD3 problem can be expressed as; 
3
(1 ) ; 0 s 1 s             
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 (3.11) 
where  is the minimum change fraction of which values are 0.95, 0.90, 
0.85, and 0.80 for TD3-1, TD3-2, TD3-3, and TD3-4 cases, respectively. 
The superscripts M indicates moderator.  
Figures 3.11 and 3.12 show comparisons of dynamic reactivities 
and the fractional total fission rates, respectively, calculated by 
McCARD and nTRACER for TD3 problems with changing ω. Figure 
3.11 illustrates that linear decreases of reactivities during the first 1 s and 
their linear increases for next 1 s because of moderator densities linear 
changes shown in Figure 3.10. From the figures, it is demonstrated that 




























 TD3-1  = 0.95
 TD3-2  = 0.90
 TD3-3  = 0.85
 TD3-4  = 0.80
 





(a) 0 s ≤ t ≤ 3 s 


































(b) 0.1 s ≤ t ≤ 0.5 s 



































Figure 3.11: Comparisons of dynamic reactivities calculated by McCARD and 




(a) 0 s ≤ t ≤ 3 s 








































(b) 0.1 s ≤ t ≤ 0.5 s 




































Figure 3.12: Comparisons of fractional total fission rates calculated by 




3.3.4 3-D Transient Problems 
3.3.4.1 C5G7 Exercise 4 (TD4) 
Exercises 4 (TD4) represents core transients due to CR insertion 
and extraction in 3-D core configuration. It is assumed that the rod bank 
moves at a constant speed, which allows it to be fully inserted into the 
assembly from the fully withdrawn position within 6 s. This hypothetic 
value is proposed only for the purpose of reducing the computational 
effort in the transient calculation. Among five problems in TD4, the 
McCARD TDMC calculations are performed for TD4-1 and TD4-5 
where the postulated CR movements of bank 1 and bank 1 & bank 3, 
respectively, occur. Figure 3.13 illustrates the corresponding scenarios of 
the time-dependent fractional rod bank insertion and extraction for 
TD4-1 and TD4-5 problems. 
Figures 3.14, 3.15, 3.16 and 3.17 show comparisons of dynamic 
reactivities and the fractional total fission rates, respectively, calculated 
by McCARD and nTRACER for TD4-1 and TD4-5. From the figures, 












(a) 0 s ≤ t ≤ 6 s 

































(b) 0 s ≤ t ≤ 0.5 s 































Figure 3.14: Comparisons of dynamic reactivities calculated by McCARD and 




(a) 0 s ≤ t ≤ 10 s 

































(b) 0 s ≤ t ≤ 0.5 s 
































Figure 3.15: Comparisons of dynamic reactivities calculated by McCARD and 





(a) 0 s ≤ t ≤ 6 s 



























(b) 0 s ≤ t ≤ 0.5 s 



























Figure 3.16: Comparisons of fractional total fission rates calculated by 





(a) 0 s ≤ t ≤ 10 s 



























(b) 0 s ≤ t ≤ 0.5 s 



























Figure 3.17: Comparisons of fractional total fission rates calculated by 




3.3.4.2 C5G7 Exercise 5 (TD5) 
The Exercise 5 (TD3) is intended as a simulation of transient events 
of the change in the assembly wise moderator density. All the control 
rods are assumed to be positioned in the fully withdrawn position 
throughout the transient and initially, the moderator density is considered 
to be at the nominal level. Figure 3.16 illustrates four scenarios of the 
time-dependent transient mechanisms by varying the rate and location in 
the fraction changes of the assembly moderator density. According to the 
density change profile, the time-dependent cross sections of assembly 
wise moderator, 
5iMa  in each TD5 problem can be expressed as; 
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 (3.9) 
where 1 2,  and 3 are the minimum change fractions corresponding to 
the assembly wise moderator density change and  ; 1,2,3,4ia i   is the 




in all the four scenarios in TD5 exercise, the assembly wise , and 
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Figures 3.17 and 3.18 show comparisons of dynamic reactivities 
and the fractional total fission rates, respectively, calculated by 
McCARD and nTRACER for TD5 problems with changing ω1, ω2 and 
ω3. From the figures, one can see that the McCARD TDMC calculation 








































































































































(a) 0 s ≤ t ≤ 6 s 




































(b) 0 s ≤ t ≤ 0.5 s 




































Figure 3.19: Comparisons of dynamic reactivities calculated by McCARD and 





(a) 0 s ≤ t ≤ 6 s 


































(b) 0 s ≤ t ≤ 0.5 s 



































Figure 3.20: Comparisons of fractional total fission rates calculated by 




3.4 Numerical Results for the Transient Analysis with 
Temperature Feedback for the IAEA CRP HTGR 
UAM Benchmark 
In order to do the transient analysis with temperature feedback, the 
McCARD code is coupled with the CUPID code. The socket 
communication is used for the explicit coupling of the codes. The 
McCARD and CUPID codes are connected to a socket server and 
requested data are transferred to each other through the socket server. 
The socket server receives and adjusts the data because of different mesh 
structures between McCARD and CUPID. 
Figure 3.21 shows communication scheme between McCARD and 
CUPID. First, CUPID calculates temperature density profiles from an 
initially-guessed power profile, while McCARD eigenvalue calculations 
are conducted to obtain a converged fission source distribution. Then a 
time-dependent McCARD run starts using the updated temperature and 
density profiles obtained from CUPID and transfers the updated power 
profile to CUPID. And CUPID and McCARD calculations are conducted 




In this McCARD/CUPID transient calculations, 
temperature-dependent cross sections are produced by a built-in 
on-the-fly Doppler broadening (OTF DB) module. 
 
 
Figure 3.21: Thermal-hydraulics coupling scheme of McCARD/CUPID 
3.4.1 IAEA CRP HTGR UAM Benchmark (Triangular 
Unit Cell Model)  
The IAEA CRP HTGR UAM benchmark [25] provides a 
two-dimensional symmetric 1/12th triangular unit cell model of 
MHTGR-350 which consists of the UCO fuel compact, helium gap, 










r = 0.635 cm
Homogeneous fuel compact




Figure 3.22: Triangular unit cell model 
The coolant channel is modelled as a heat sink with bulk 
temperature of 750 K. Heat is generated in the fuel compact and 
transferred to H-451 graphite. Boundaries of triangular unit cell are 
adiabatic condition. All thermo-physical properties are described in Ref. 
25. The density of fuel compact, helium gap and H-451 graphite are 
considered to be a constant, so that there is no density feedback. Number 





Table 3.1: Number densities of nuclides 


















Coolant channel He-4 2.4600E-05 
H-451 graphite Graphite 9.2800E-02 
 
3.4.2 Numerical Results 
CUPID uses 15,148 hexahedral cells to calculate the temperature 
profile in the fuel compact, helium gap and  
H-451 graphite regions. Figure 3.23 shows the temperature profile 
calculated from the initial condition. McCARD uses single cells for the 
fuel compact, helium gap and H-451 graphite and average temperatures 
are assigned to each cell. Average temperature of the fuel compact, gap 





The time dependent McCARD calculations are performed with 
continuous-energy cross section libraries produced from the 
ENDF/B-VII.0 library. 10,000 neutron histories are simulated per time 
step. The time step size is set to 10.0 ms. The power density and average 
temperature of fuel, gap and H-451 graphite over time are shown in 
Figure 3.24. The power density exponentially increases from 26 MW/m3 
up to 1030.65 MW/m3 and then decreases drastically by the Doppler 
feedback effect. 
 











CHAPTER. 4 Uncertainty Propagation Analysis 
for the Dynamic Monte Carlo Simulations 
4.1 Uncertainty Propagation in Neutron Density Tally 
The statistical uncertainty of one time step is accumulated with the 
uncertainty propagating through the calculation from the preceding time 
step. The main purpose of this chapter is to study this uncertainty 
propagation at the end of each time boundary. With the help of formal 
uncertainty propagation approach, it is investigated that how a change in 
the scale factor at the end of each time boundary affects and propagates 
the uncertainty in the neutron density of the system. That is a term 
affected by the propagation of statistical uncertainty in the neutron 
density from the TDMC simulation [26]. 
The discussion starts with the uncertainty propagated in scale factor 
which is a main source of uncertainty in calculating neutron density (Nm) 
during TDMC calculations and this propagation is continued with the 
term affected by scale factor (fm-1). Since uncertainty in scale factor 
further depends on the change in number of survival neutrons (
ks




end of each time boundary, so the change in the neutron density 
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The formal error propagation approach is to compute standard 









 and combine 
all into standard deviation for scale factor 1mf  using the approximation 











The general formulation for uncertainty propagation in absolute 
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where 
ks
n represents the number of survival neutrons at the end of kth time 
step and 
sk
nS is a standard deviation of survival neutrons at the end of k
th 
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4.2 Numerical Results 
4.2.1 The Rod Model  
The rod model is a simplest example of time-dependent neutron 
transport through time independent media, i.e., there is no change in 
material with time through which neutron is transporting. An infinite 
homogeneous and isotropic media in which neutrons move at constant 
speed   along the line (the rod) and undergo collision events at a rate v . 
A true analog calculation is done for this TDMC simulation without 








      ( 4.7 ) 
The solution of above equation under the assumption that the properties 
of the medium are time independent is given by; 
     0 exp 1 /N t N K L     ( 4.8 ) 
Table 4.1 shows one-group cross sections for infinite homogeneous super 





Table 4.1: One-group cross sections for infinite homogeneous problem 
ν Σf Σa Σs 1/υ [sec/cm] 
2.5 0.3 0.4 0.2 1.02245×10-9 
The TDMC neutron density calculations are performed for 10,000 
neutron histories and 200 time steps with time step size 1.0 ns. Table 4.2 
shows comparisons of neutron density calculated by TDMC algorithm 
and analytical solutions. From the table it can be seen that the results 
from the implemented method agree well with the results calculated from 
analytical solution within 95% confidence intervals.  
In true analog calculation, it is started from any instantaneous 
source distribution, that is the initial condition N(0) and it is followed the 
evolution of neutron density in time. Figure 4.1 represents the linear 
increase in neutron density with time on logarithmic plot. The secondary 
y-axis represents the relative standard deviation with the evolution of 
neutron density in time. The lower right corner plot is a view of some 
part of the logarithmic plot represents the exponential increase in neutron 
density with time. 
It is analyzed that there is a propagation in statistical uncertainty in 




propagation in standard deviation for neutron density tally and real 
standard deviation of the mean for 100 independent TDMC simulations. 
It is observed that the results are within 95% confidence intervals.  Figure 
4.2 represents the propagation in standard deviation in neutron density 
with time by using proposed uncertainty propagation model compared 




Table 4.2: Comparison of neutron densities for one-group infinite 
homogeneous problem 
Time (s) 
Neutron Density Relative  
Std. Dev.  
(RSD)  
[%] Analytical Solution TDMC Solution 
1.00х10-9 1.40820х104 1.41570х104 0.84 
2.00х10-9 1.98304х104 1.99911х104 0.83 
3.00х10-9 2.79253х104 2.79176х104 0.83 
4.00х10-9 3.93245х104 3.93638х104 0.84 
5.00х10-9 5.53770х104 5.51920х104 0.82 
6.00х10-9 7.79821х104 7.81573х104 0.83 
7.00х10-9 1.09815х105 1.09866х105 0.83 
8.00х10-9 1.54642х105 1.54878х105 0.85 
9.00х10-9 2.17767х105 2.19756х105 0.84 
1.00х10-8 3.06661х105 3.05351х105 0.84 
1.10х10-8 4.31842х105 4.38545х105 0.86 
1.20х10-8 6.08121х105 6.23874х105 0.86 
1.30х10-8 8.56360х105 8.91953х105 0.84 
1.40х10-8 1.20593х106 1.26711х106 0.85 
1.50х10-8 1.69820х106 1.81159х106 0.84 
1.60х10-8 2.39141х106 2.55289х106 0.85 
1.70х10-8 3.36759х106 3.56664х106 0.85 
1.80х10-8 4.74226х106 5.04287х106 0.83 





Figure 4.1: Exponential variation of neutron density tally with time 
 
 
Figure 4.2: Standard deviation vs real standard deviation 
 Analytical Solution

























































































































































Table 4.3: Comparison of Standard Deviation and Real Standard Deviation in 
Neutron Densities 
Time (s) 





1.0х10-9 1.402х100 1.404х100 -0.002 
2.0х10-9 1.963х100 1.978х100 -0.015 
3.0х10-9 2.776х100 2.784х100 -0.008 
4.0х10-9 3.886х100 3.914х100 -0.028 
5.0х10-9 5.518х100 5.517х100 0.001 
6.0х10-9 7.820х100 7.776х100 0.044 
7.0х10-9 1.103х101 1.095х101 0.08 
8.0х10-9 1.574х101 1.544х101 0.3 
9.0х10-9 2.188х101 2.171х101 0.17 
1.0х10-8 3.154х101 3.058х101 0.96 
1.1х10-8 4.434х101 4.303х101 1.31 
1.2х10-8 6.279х101 6.057х101 2.22 
1.3х10-8 8.828х101 8.544х101 2.84 
1.4х10-8 1.269х102 1.204х102 6.5 
1.5х10-8 1.795х102 1.694х102 10.1 
1.6х10-8 2.513х102 2.381х102 13.2 
1.7х10-8 3.550х102 3.359х102 19.1 
1.8х10-8 5.006х102 4.729х102 27.7 






4.2.2 Infinite Homogeneous Two-Group Problem 
Two-group infinite homogeneous problem with speeds, 1  and 2  
is considered as a simplest non-trivial example. It is assumed that 
neutrons are transported in an infinite media with no up-scattering, that 
there is an emission of prompt neutrons only in group 𝑔 = 1. If there is 
no external source then the time-dependent two group neutron transport 
equations for flux distribution can be interpreted as [22]; 
1
1 1 11 1 12 2
1
2
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( 4.9 ) 
The solution of above system of equations gives group flux. To 
calculate the group neutron density, group flux is divided by the 
corresponding group neutron speed. The reference physical parameters 
for a super-critical infinite homogeneous problem with 𝑘∞ = 1.10075 
are given in Table 4.4.  
The results of the TDMC simulations for 10,000 neutron histories 
and 200 time steps with time step size 10.0 μs are interpreted in Table 
4.5 and compared with the solution found by MATLAB. Figure 4.3 and 




respectively along with the variation in relative standard deviation. 
Numerical results for standard deviation and real standard 
deviation computed for 100 independent simulations for the neutron 
density are shown in Table 4.6.  It is observed that the results are within 
95% confidence intervals.  Figure 4.5 represents the propagation in 
standard deviation in neutron density with time by using proposed 
uncertainty propagation model compared with the real standard deviation 











νg 2.50 2.70 
Σfg 0.06912 0.06192 
Σag 0.13862 0.16142 
Σsgg 0.26304 0.078242 
Σsg′g (g′≠g) 0.0 0.072 
Σtg 0.40166 0.31166 
χg 0.0 1.0 







Figure 4.3: Neutron density in first energy group 
 




























































 Thermal Neutron Density by MATLAB

































































































































 Fast Neutron Density by MATLAB


































































































































 Std. Dev. in Thermal Group
 Real Std. Dev. in Thermal Group
 Std. Dev. in Fast Group



























1.0х10-5 9.22414х103 1.52169х104 9.26600х103 1.56180х104 2.29 3.17 
5.0х10-5 1.91845х104 3.27403х104 1.99110х104 3.42428х104 2.41 3.14 
1.0х10-4 4.91904х104 8.38535х104 5.18764х104 8.95993х104 2.40 3.16 
1.5х10-4 1.26036х105 2.14864х105 1.36989х105 2.30874х105 2.36 3.09 
2.0х10-4 3.22808х105 5.50701х105 3.41171х105 5.77859х105 2.41 3.16 
2.5х10-4 8.26774х105 1.41147х106 8.95560х105 1.51842х106 2.37 3.13 
3.0х10-4 2.11904х106 3.61598х106 2.26043х106 3.80371х106 2.39 3.12 
3.5х10-4 5.43277х106 9.26183х106 5.70027х106 9.67843х106 2.44 3.18 
4.0х10-4 1.39216х107 2.37304х107 1.47221х107 2.48614х107 2.40 3.21 
4.5х10-4 3.56597х107 6.08179х107 3.77051х107 6.54494х107 2.39 3.13 
5.0х10-4 9.13504х107 1.55858х108 9.44370х107 1.61481х108 2.37 3.14 
5.5х10-4 2.34109х108 3.99311х108 2.34241х108 4.06923х108 2.42 3.16 
6.0х10-4 5.99865х108 1.02316х109 6.10370х108 1.05023х109 2.41 3.13 
6.5х10-4 1.53744х109 2.62121х109 1.57753х109 2.69890х109 2.39 3.11 
7.0х10-4 3.93582х109 6.72033х109 4.17350х109 6.88929х109 2.39 3.19 
7.5х10-4 1.00854х1010 1.72189х1010 1.02135х1010 1.74681х1010 2.38 3.10 
8.0х10-4 2.58551х1010 4.41058х1010 2.53491х1010 4.45106х1010 2.42 3.12 
8.5х10-4 6.63131х1010 1.12942х1011 6.85577х1010 1.17610х1011 2.38 3.11 





















1.0х10-5 8.620х101 2.131х102 8.609х101 2.145х102 0.11 -1.43 
5.0х10-5 1.064х102 2.577х102 1.044х102 2.585х102 2.08 -0.87 
1.0х10-4 1.281х102 3.177х102 1.262х102 3.133х102 1.88 4.37 
1.5х10-4 1.552х102 3.811х102 1.527х102 3.783х102 2.50 2.88 
2.0х10-4 1.824х102 4.646х102 1.835х102 4.552х102 -1.14 9.38 
2.5х10-4 2.270х102 5.695х102 2.215х102 5.482х102 5.50 21.32 
3.0х10-4 2.753х102 6.950х102 2.674х102 6.612х102 7.87 33.87 
3.5х10-4 3.247х102 8.209х102 3.223х102 8.013х102 2.38 19.67 
4.0х10-4 3.944х102 9.570х102 3.897х102 9.672х102 4.73 -10.20 
4.5х10-4 4.903х102 1.182х103 4.722х102 1.171х103 18.06 11.56 
5.0х10-4 5.888х102 1.462х103 5.690х102 1.416х103 19.79 45.85 
5.5х10-4 7.001х102 1.726х103 6.890х102 1.708х103 11.08 18.43 
6.0х10-4 8.406х102 2.172х103 8.319х102 2.067х103 8.65 104.56 
6.5х10-4 1.057х103 2.626х103 1.005х103 2.490х103 52.70 135.49 
7.0х10-4 1.230х103 3.136х103 1.212х103 3.022х103 17.51 113.70 
7.5х10-4 1.492х103 3.747х103 1.465х103 3.627х103 26.12 120.39 
8.0х10-4 1.788х103 4.392х103 1.764х103 4.372х103 23.90 20.30 











CHAPTER. 5 Conclusions and Future Work 
5.1 General Conclusions 
In this thesis, the time-dependent Monte Carlo (TDMC) algorithm 
with coming technique to control the neutron population for off-critical 
systems is implemented. Instead of considering the cycles, the simulation 
is divided in time intervals. At the end of each time interval, neutron 
population control is applied on the banked neutrons. Randomly selected 
neutrons are discarded, until the size of neutron population matches the 
initial neutron histories at the beginning of time simulation.  
The prompt neutron decay constant 𝛼 is estimated from TDMC 
algorithm for subcritical systems. The effectiveness of the results is 
examined for two-group infinite homogeneous problems with varying 
the k-value. From the comparisons with the analytical solutions, it is 
observed that the results are quite comparable with each other for each 
k-value.  The applicability of the TDMC module is also evaluated for an 
experimental benchmark of the thorium-loaded accelerator-driven 
system. From the comparison of α’s calculated by the TDMC simulations 




simulations, it is seen that the α results are quite comparable with each 
other for the cases where the experiments provide reliable estimates. 
The implementation of the dynamic method in standard static 
McCARD has shown its general applicability. The results of the TDMC 
module demonstrate not only the general applicability of the new 
methods, but also the practical feasibility of a transient analysis in 
realistic complex geometry.  The TDMC steady state initial condition 
modeling presented in this thesis is a novel and unique method. We 
develop a new MC steady-state simulation suited to generate the prompt 
neutron sources and the delayed neutron precursors for the MC transient 
simulations. The proposed TDMC steady-state simulation method 
accompanied with the Sjenitzer and Hoogenboom’s delayed neutron 
handling algorithm and the analog MC branching process simulation 
method with the combing technique is applied for the time-dependent 
MC analysis of the 2D C5G7-TD kinetics problems. From the numerical 
results, it is demonstrated that the McCARD TDMC results are quite 
comparable with those from a deterministic transport analysis code, 
nTRACER. 




system-specific approximations are used and therefore it is generally 
applicable. Due to the high computational cost, the main application will 
be to act as a validation tool for the computationally less expensive 
deterministic methods. 
For the transient analysis with temperature feedback, a dynamic 
MC simulation capability in McCARD is coupled with the 
computational fluid dynamics code CUPID using the socket 
communication. The McCARD/CUPID transient analysis is performed 
for a hypothetical problem based on a triangular unit cell model in the 
IAEA CRP HTGR UAM benchmark to analyze a transient of about 3 
seconds.  
5.2 Validation 
The calculations shown in this thesis demonstrate the feasibility of 
performing a transient analysis for only C5G7-TD benchmark and the 
coupled Monte Carlo neutronics/thermal-hydraulics calculation with a 
small hypothetical triangular unit cell model. It is needed to validate 
these calculations with more benchmarks for the transient analysis of 
realistic geometries. However, it has not been possible yet to validate 




be possible to get the meaningful results. A future challenge lies in the 
validation of the dynamic Monte Carlo method and its implementation 
in the standard McCARD. The method should be benchmarked against 
real-life, well-documented experiments. Furthermore, it is necessary to 
further investigate the effects of the variance on the coupling mechanism.  
5.3 Further Developments 
Since, it is a new era in the field of time-dependent Monte Carlo 
method for the transient analysis of nuclear reactors. It is needed to 
enhance the capability of the TDMC scheme as well as the coupled 
scheme to check their validation for real and well documented 
benchmarks. After this demonstration, the next step is to further improve 
the simulation scheme and Monte Carlo techniques. The efficiency of the 
calculation can be improved by implementing the latest methodologies 
proposed by the other active research groups working in the field of 
dynamic Monte Carlo. Another novel improvement can be found in 
enabling the internal coupling of neutronics module with the thermal 
hydraulic module already implemented in McCARD in addition to the 
generation of temperature-dependent cross sections produced by a 




implementation of one of these multiple novel techniques can also make 
the dynamic simulation more accurate. 
All in all, it has been shown that it is feasible to perform time-dependent 
Monte Carlo method for the analyses on nuclear reactor systems. The 
main task is now to make this method capable of analyzing the transient 
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원자로 과도상태 해석을 위한 효과적인 시간종속 





시간에 따른 중성자의 점근적 거동은 원자로 시동 분석, 반
응도 측정 및 가속기 구동 시스템의 동역학과 관련된 주제들을 연
구함으로써 평가할 수 있으며 이것은 시간 종속 볼츠만 중성자 수
송 방정식을 푸는 것과 같다. 통상적인 코밍(combing) 방법을 통해 




알고리즘을 McCARD에 구현하였다. 
미임계 시스템의 TDMC 계산을 통해 알파 고유치를 추정하
였다. 제어봉 모델 및 다양한 미임계도를 가지는 2군 무한균질문제
에 대해 계산 결과와 해석해를 비교하여 유효성을 평가하였다. 또
한 교토 대학교 임계 집합체(KUCA)의 토륨 장전 가속기 구동 시스
템 실험 검증문제에 대해 알파 값을 계산하였고 이를 측정값 및 몬
테칼로 알파 반복법, 몬테칼로 펄스 중성자 선원(PNS) 시뮬레이션 
결과와 비교하여 그 적용성을 평가하였다. 
컴퓨터 기술의 지속적인 발전으로 몬테칼로 중성자 수송 계
산은 활용 분야가 확장되어 원자로 과도해석에까지 적용되고 있다. 
원자로 과도해석을 위한 시간 종속 몬테칼로 (TDMC) 중성자 추적
은 지발 중성자 생성, 중성자 수 제어 및 초기 조건의 모델링을 위한 




건인 즉발 중성자 선원과 지발 중성자 선행핵 분포를 쉽게 샘플링 
할 수 있는 TDMC 기반의 새로운 정상상태 몬테칼로 시뮬레이션 방
법을 제안하였다. 과도해석을 위한 TDMC 기반 정상상태 시뮬레이
션 방법은 McCARD에 구현되었으며 시간 종속 중성자 수송 검증문
제인 C5G7-TD 중 온도 궤환효과를 고려하지 않는 2차원 노심 동특
성 문제에 적용되었다. McCARD TDMC 계산 결과는 결정론적 수
송 해석 코드인 nTRACER의 결과와 잘 일치했다. 원자로 과도해석
은 또한 열수력 궤환효과를 고려한 중성자 수송 계산을 필요로 한
다.  본 연구에서는 열수력 궤환효과를 고려한 원자로 과도 해석을 
위해 TCP/IP 소켓 통신을 이용하여 McCARD TDMC 모듈과 전산 유
체 역학 코드인 CUPID를 결합하였다.  McCARD/CUPID 과도 계산
에 사용된 온도에 따른 핵반응 단면적 데이터는 McCARD에 내장되




였다. McCARD/CUPID 과도해석 결과는 IAEA 국제 공동 연구 프로
젝트 (CRP)의 고온가스로 (HTGR) 불확도 분석 검증문제 중 가상의 
삼각형 단위셀 문제에 대해 그 유효성을 평가하였다.  
한 시간 구간에서의 통계적 불확실도는 이전 시간 구간에서
의 계산 결과를 오차 전파하여 추정하였다. 전형적인 오차전파 방
법을 통해 계산 결과의 불확실도가 시스템을 통해 어떻게 전파되는
지 연구하였다. 
주요어: 
시간 종속 몬테칼로 
알파 고유치 추정 
원자로 과도해석 
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